Abstract-We have developed a new headstage architecture as part of a smart experimental arena, known as the EnerCage-HC2 system, which automatically delivers stimulation and collects behavioral data over extended periods with minimal small animal subject handling or personnel intervention in a standard rodent homecage. Equipped with a four-coil inductive link, the EnerCage-HC2 system wirelessly powers the receiver (Rx) headstage, irrespective of the subject's location or head orientation, eliminating the need for tethering or carrying bulky batteries. On the transmitter ( 
I. INTRODUCTION

A
SIGNIFICANT number of preclinical studies designed to better understand normal function of the central nervous system (CNS) and the etiology of neuropathological disorders are conducted in small animal models, mostly rodents, and often require wearable/implantable devices (WIDs) attached to or implanted in the animal body [1] , [2] . Traditionally, physical wirings or batteries are used to power or communicate with these WIDs [3] , [4] . However, the potential for tangling of or damage to the wires necessitate constant supervision, which often restricts the duration of these experiments. To prevent the animal from getting entangled, battery-powered WIDs have been developed and commercially available [5] - [10] . However, the lifetime of batteries restricts the period of behavioral experiments, particularly when neuromodulation or other powerhungry intervention is involved. If larger batteries are used to extend the duration of the experiment, weight and size of the battery payload may add physical burden and bias the subject behavior.
Moreover, restrictions on movement with frequent manual handling of the animal to attach or detach wires or replace batteries also cause stress in small animals. The environment within homecage has the potential to significantly affect brain neurochemistry in rats and the resulting behavior, suggesting its influence on the quality of the collected data [11] - [15] . To conduct experiments that involve WIDs on small freely behaving animals, researchers must follow a labor intensive routine, such as: 1) transferring the animals from their homecages to the experimental arena, which can be an operant conditioning chamber, 2) grabbing the animals to attach cables, connectors, or wireless headstages, 3) closely observing the animal behavior during the intervention and video recording for subsequent data analysis, 4) grabbing the animals to detach cables and connectors, and 5) returning the animals back to their homecages and eventually to the animal facility [11] . This routine is repeated for every subject, which accumulates to become a chronic stressor for animals and a laborious task for researchers [12] . If any portion of the aforementioned procedure can be reduced or automated, it would have a significant impact on the quality of the experimental results, due to the more normative behavior of the animals. Researchers have proposed wirelessly-powered andcommunicated systems that create less stressful environments for longitudinal experiments on small freely behaving animals [16] - [26] . In the case of inductively-powered WID systems, angular and horizontal misalignments and distance variation between the transmitter (Tx) and receiver (Rx) coils happen quite frequently in practice as freely behaving animal subjects walk, sniff around, rear, and climb the walls of the cage, as shown in Fig. 1 . This will result in significant reduction in the PTE and the amount of power delivered to the load (PDL), to the extent that it may cause malfunction if the condition persists beyond the WID built-in temporary energy storage.
To cope with omnidirectional wireless powering, several inductive link configurations have been proposed [20] - [27] . In [20] and [21] , PTE of the inductive link is maximized by locating the Tx coil, either electronically or mechanically, in the best position to power the Rx coil. This would require realtime tracking of the animal subject and additional electronic or mechanical mechanisms to change the position of the active coil, which add to the complexity and cost of the system. In [22] , four triangular slanted Tx resonators encompass four corners of the homecage to create a homogenous PTE across the homecage and improve the system robustness against Rx rotation. However, this system still needs real time animal tracking and circuitry for switching the active Tx resonators. In [23] , the authors suggested a new coil configuration of multiple Tx coils located on both top and bottom surfaces of the homecage, obviating switching resonators. However, placing multiple Tx coils on top of the homecage limits access to the animals and blocks the field of view of imaging modalities that are often used for analyzing the animal behavior. Another method has been proposed in [24] for omnidirectional powering with triple orthogonal Rx coils embedded around an enclosed capsule and a single Tx coil. However, the Rx coils block access to the electronics inside the capsule, making it difficult to repair or to have electrode feed-through. In [25] - [27] , multiple Tx coils are combined to achieve omnidirectional powering in a 3D space. Instead of driving only one coil in the proposed EnerCage-HC2 system, a complex control circuit with phase-, time-, and/or frequencydomain modulation is needed to control the Tx coils.
Here we present the EnerCage-HC2 system, which is built around a standard homecage [28] to wirelessly power and communicate with a stimulating headstage in this prototype, with a new 4-coil inductive link design. Wireless power is delivered in the near-field domain at 13.56 MHz, a Federal Communications Commission (FCC) approved operating frequency for industrial, scientific, and medical (ISM) applications. The novel coil arrangement around the homecage enhances the magnetic flux density, mutual coupling, and PTE in the entire 3D space of the homecage, while obviating the need to switch the resonators in and out [29] . To achieve high Q-factor in the Tx resonators at 13.56 MHz without reducing their self-resonance frequency (SRF), they are optimally segmented to achieve a homogeneous PTE. Four slanted High-Q Rx resonators encompass four diagonal planes of the headstage and direct the Tx EM field, which is already homogenized by the Tx resonators [29] , towards the Rx load to ensure sufficient PDL at any arbitrary headstage orientation. A closed-loop power control (CLPC) mechanism is established to ensure stable PDL at a user-defined level, >40 mW in this prototype, despite animal movements. Three freely behaving rats were implanted with electrodes in the globus pallidus (GPi) to observe the well-documented effects of electrical stimulation in this region of the brain.
An overview of the EnerCage-HC2 system is presented in the following section. Section III describes the design of proposed 4-coil inductive link as well as HFSS (ANSYS, Canonsburg, PA) simulation of Poynting vectors and specific absorption rate (SAR) limit. Section IV presents the results of in vivo experiments conducted to verify full functionality of the stimulating headstage, wirelessly-powered by the EnerCage-HC2 system, in a behavioral neuroscience experiment. Finally, section V includes the concluding remarks. Fig. 2 shows a simplified block diagram of the EnerCage-HC2 system, which is built around a standard rodent homecage. It is equipped with 1) a 4-coil inductive link, 2) an embedded controller based on a customized Raspberry Pi (www. rasp- Fig. 3 . Schematic diagram of (a) the key circuits involved in the wireless power transmission from the Tx side to the Rx side and (b) the stimulator circuit implemented on two PCBs in the headstage (see Fig. 8(b) ).
II. ENERCAGE-HC2 SYSTEM OVERVIEW
berrypi.org), 3) a driver block that includes a Class-C power amplifier (PA), and 4) a personal computer (PC) in charge of data storage and graphical user interface (GUI). EnerCage-HC2 system wirelessly powers 5) a headstage, carried by the animal subject, which includes the Rx coils, and stabilizes its received power in a closed-loop fashion by wirelessly communicating with the controller block through a Bluetooth low energy (BLE) link. The BLE link combined with the Wi-Fi connection between the PC and the controller are designed to enable remote control of the EnerCage-HC2 system and facilitate automatic data acquisition. Fig. 3(a) shows a simplified schematic of wireless power and data delivery between different components of the EnerCage-HC2 system. Red arrows indicate mutual coupling among a driver coil (L1), five primary resonators (L21-L25) around the homecage on the Tx side, four resonators (L31-L34) around the headstage, and a load coil (L4) on the Rx side. L1 is the only coil driven by the Class-C PA in the driver block, which follows a RFID reader (TRF7960A, Texas Instruments). L4 on the Rx side is the only coil connected to the headstage, which is followed by a voltage doubler and regulator, as shown in Fig. 3(b) . The PA output power is controlled by its supply voltage, V PA , which is generated by a DC-DC converter in the controller block and delivered through a cable. All high Q-factor resonators in this design, L21-L25 and L31-L34, are simply floating and primarily meant to homogenize the magnetic field and strengthen the Tx-Rx coupling to achieve better PTE all across the homecage. Fig. 3(b) shows a simplified schematic diagram of the stimulator circuit in the headstage, which involves two stacked PCBs (see Fig. 8(b) ). In PCB-I, the voltage doubler that follows L4 generates a DC voltage, VDD, from the 13.56 MHz power carrier, which is divided in half and sampled by the built-in analogto-digital converter (ADC) of the headstage micro-controller unit (MCU). The MCU is a CC2541 from Texas Instruments, which also establishes a bidirectional BLE link with the CC2540 MCU in the controller to deliver this information as feedback in the CLPC mechanism that continuously stabilizes VDD, which also sets the stimulator compliance voltage, at a desired userdefined level. The CLPC prevents waste of power in the voltage doubler and the PA when the coupling is too strong by adjusting the PA output power to be just enough to stabilize the VDD despite Tx-Rx coupling variations due to animal movements [30] . To minimize the effects of VDD variations on the MCU and BLE link, it is further regulated onboard to generate V reg = 3.3 V, before supplying the MCU.
In PCB II, a structure involving a complementary current source/sink with a series capacitor, C S , enable charge-balanced bipolar current stimulation. A discrete 3-bit current steering digital to analog converter (DAC) controlled by the MCU generalpurpose I/O (GPIO) ports adjusts the stimulus current in anodic and cathodic phases. User-adjustable stimulation parameters in the GUI include stimulation frequency, (40 Hz∼200 Hz with 40 Hz resolution), pulse width in cathodic phase (100 μs∼300 μs with 50 μs resolution), and stimulation current in cathodic phase (75∼525 μA with 75 μA resolution). To monitor the actual status of the stimulation, the headstage MCU also takes a burst of eight consequtive samples from every biphasic pulse (2 during the cathodic phase and 6 during the anodic phase) from the 1 kΩ current sense resistors, R S1 and R S2 , and sends them to the controller MCU via BLE. Package-III from CC2540 MCU, it dynamically sets the PA supply voltage based on the CLPC algorithm, which compares VDD and a desired user-defined window. The DC-DC converter output voltage is then adjusted to keep VDD within the desired range despite subject movements and headstage loading variations (e.g., stimulator on/off). If the BLE connection is lost, the CC2540 MCU will reconnect through an auto-connection algorithm. Table I presents detailed specifications of each coil based on dimensions of the homecage and headstage. On the Tx side, we have a wire-wound coil, L1, which is located under the center of the homecage, driven by the Class-C PA, four High-Q resonators made of copper foils, L21-L24, which are covering four sides of the homecage, and an additional High-Q resonator, L25, wrapped around the rim of the homecage. L21-L24 are tilted to elevate the EM field at the nominal height and deliver sufficient power to the headstage even with maximum angular misalignment (90°). The height of L21-L24 on one side is 7 cm, which is the nominal height of the headstage on the rat head, H 0 , and extended on the other side to fully overlap with L1 and maximize mutual coupling.
III. DESIGN OF THE 4-COIL INDUCTIVE LINK
A. Tx Coil Design
The key factor in determining the Tx resonator (L21-L25) geometries in EnerCage-HC2 system is the compatibility with standard homecage dimensions that are used for rodents, particularly within a rack, and maximum overlap with the driver coil (L1). Optimizing the 4-coil inductive link means increasing the minimum PTE within the homecage to ensure PDL is enough to keep the headstage on when the CLPC adjusts the Tx power, as opposed to maximizing PTE in the perfectly aligned regions in traditional coil optimization. The optimal size of L1 is directly related to the separation distance (H) and the headstage (Rx) dimension and can be calculated for maximum coupling between driver (L1) and load (L4) coils using A T = A R + π × H 2 , where A T and A R are the areas of L1 and L4, respectively.
The subject often climbs the walls of the cage, as shown in Fig. 1(b) , to perform supported rearing, resulting in a large distance between the headstage and Tx coils, creating an unfavorable power transmission scenario. We solved this problem by adding a fifth resonator, L25, to the original design of the Tx coils in [29] at the height of 20 cm from the bottom, to enhance the magnetic flux density on top of the homecage. L25, wrapping around the rim of the homecage, compensates for dropping PTE and PDL due to reduced coupling with L21-L24, as the height of the headstage increases. Considering the large dimension of L21-L25, all Tx resonators were segmented to create a more homogeneous magnetic field inside the homecage. Each segment has equal length and links to other segments by small capacitors in a way that the length of each segment is less than l/10, where l is the wavelength of the power carrier [31] , [32] . The cage made of polycarbonate, which is the substrate for L21-L25, has a relative permittivity of ε r = 3. Therefore, for the current induced in Tx resonators, l is 13 m. To ensure the length of each segments is less than l/10, L21-L25 were segmented into two identical pieces to prevent phase-inversion in the current distribution along L21-L25, which causes EM field cancellation at the location of L4 [33] .
B. Rx Coil Design
On the Rx side, we have L4, which is placed at the bottom of the 3D printed plastic box that houses the headstage electronics and delivers power to the voltage doubler in Fig. 3(b) , and L31-L34, which cover all sides of the headstage box while being slanted in four directions toward the bottom edges of the box on the other side. Tx and Rx coils are symmetrical with respect to the center of the homecage and headstage, respectively. The diameter and number of turns of the wire-wound L31-L34 and L4 were selected by compromising between the headstage size/weight and coupling coefficient between Tx-Rx resonators and Q-factors of L31-L34 and L4, which ultimately affect the PTE, according to the optimization procedure in [34] , at the nominal height of H 0 = 7 cm. The result was the choice of 0.4 mm (AWG 26) magnet wire with 3 and 6 turns for L31-L34 and L4.
The coupling between loosely coupled Tx and Rx coils is the dominant factor in determining the PTE of the 4-coil inductive link. Since the size of the headstage is considerably smaller than the homecage, we maximize the effective area of the Rx resonators, through which the Tx magnetic flux passes, to improve their coupling with Tx coils. The maximum effective area of the headstage, which encompass the diagonal planes of the cube, is used to achieve Rx resonators, L31-L34, with the largest possible area. L31-L34 then bend the magnetic flux towards L4 when the headstage is rotated with any arbitrary angle, even in the worst case condition of 90°rotation [35] . For 90°rotation of the headstage, which happens when the rat is sniffing, grooming, resting, or rearing on its hind limbs, L31-L34 guide the magnetic flux that passes through the effective area, one of the side faces of the headstage cube, towards L4.
In [29] , we found that the 4-coil link with a single Rx resonator delivers sufficient power to the headstage up to 70°rotation. Therefore, we need Rx resonators with less than 70°rotation, when the headstage is rotated by 70°-90°. This is achieved by tilting at least one Rx resonator at an angle of 25°with respect to the horizontal plane in four directions of the cubical headstage. As shown in Fig. 5 , when the headstage is at maximum 90°r otation, L31 is tilted 65°with respect to the horizontal plane, and can bend sufficient flux towards L4 to power the headstage. With 65°rotation, however, L31 will be tilted 90°with respect to the horizontal plane, and instead, L32 is the resonator with less than 65°tilt, bending the flux towards L4. Similarly, L33 and L34 play the same role with 90°rotation around the vertical axis. Fig. 6 shows the Poynting vectors (real component of the power density) generated by 3D HFSS model of the 4-coil inductive link. The red areas exhibit the highest directional power flux density, representing the highest rate of power transfer per unit area. Without segmentation, L25 strengthens the power transmission toward the headstage, with one activated portion of the loop. With segmentation in two pieces, L25 produces a strong and uniform power transmission from two sides of the coil. As we increase the number of segments to four, the directional power flux density distribution becomes more uniform. However, the power transfer density is considerably lower, evident from the smaller red area.
C. HFSS Simulation of Poynting Vector and SAR
The animal/human body is almost transparent to electro-magnetic field at frequencies below 20 MHz due to the low body tissue absorption rate [36] . Fig. 7 presents the SAR simulation result in HFSS for the rat head and body model. For this simulation setup, the input power is set at 1 W. Since SAR = σ|E| 2 /ρ is directly related to tissue conductivity, σ, and inversely proportional to density, ρ, we consider the rat model made entirely out of brain tissue with σ = 105 S/m and ρ = 1040 kg/m 3 , which generates the worst case for SAR simulation. For the rat model in the EnerCage-HC2 system in Fig. 7 , the maximum simulated SAR value is 0.15 W/kg. A SAR level of 1.6 W/kg has been designated by the FCC as the limit of radio frequency energy that can be safely absorbed by humans while using cellular phones [37]. Therefore, the maximum allowable transmitted power can be found from 1 W × 1.6 (W/kg) / 0.15 (W/kg) = 10.7 W. In the current system, the maximum output power of the PA is limited to 2.5 W, resulting in only a small fraction of power absorbed by the rat body. To accurately measure the PTE of the 4-coil inductive link with actual load impedance, we measured S 21 by a Network Analyzer (NA) in Fig. 9 configuration. Each LC-tank is tuned at the carrier frequency, and the entire link forms a two-port network including any configuration of coupled resonators between the driver (L1) and load (L4) coils. L1 is driven by Port-1 of the NA, which default impedance is 50 Ω. On the load side, 43 mW power consumption of the headstage with VDD of 5.5 V, results in R L = 118 Ω. Therefore, an additional resistor, R L ', was added in series with Port-2 of the NA to achieve R L = R L ' + 50 Ω. The transmission coefficient under the actual load, S 21 ', and PTE were then calculated from,
IV. EXPERIMENTAL RESULTS
A. EnerCage-HC2 Prototype Implementation
where V 1 , V 2 , and V 2 (V 2 = V 2 × (R L + 50) / 50) are the voltages across NA Port-1, Port-2, and load coil.
B. Horizontal and Angular Misalignments
To measure the PTE distribution across the homecage, the bottom of the cage was marked by an X × Y grid with 2.75 cm spacing and the headstage was swept at various heights, resulting in Fig. 10(a) heat maps. Considering the significant size difference between the headstage and homecage, the center of the cage generally has a weaker magnetic flux density, mutual coupling, and PTE compared to its perimeter. At H = 4 cm, PTE slightly drops at the corners of the homecage, which area are not covered by Tx resonators, L21-L24. With proper segmentation, however, L21-L25 generate a strong and uniform PTE distribution across the homecage, especially at H = 8 cm, which is close to the nominal height of rats. As H increases, PTE is higher in the center of the cage compared to its perimeter because of the collective effect of L21-L24. The segmented L25 further strengthens the magnetic flux density at higher headstage elevations, as demonstrated in Fig. 10(b) , which compares the PTE in a vertical plane with and without L25. For H > 14 cm, L25 has had a positive effect on increasing the PTE across the homecage. Overall, our measurements showed that the proposed coil/resonator design can guaranty PTE > 6.7% anywhere within the volume of inside the homecage. especially at the corners of the homecage, resulting in higher PTE at the corners. Power transmission is active all the way up to 90°worst case rotation with an average PTE of 1.8% across the homecage. When the headstage is held over the X or Y axes along the center lines of the homecage at 90°rotation, the PTE drops significantly because of the symmetrical Tx resonators along that axis cancelling each other's EM fields. However, the possibility of a rat rotating its head by 90°and holding it exactly on the centerline along the X or Y axes is quite low. Moreover, a small super capacitor following the voltage doubler in the power management block prevents any sudden drop in the headstage supply voltage.
To validate the benefits of the proposed slanted Rx resonator design, particularly with respect to angular misalignments, in [29] in CLPC. Fig. 12(a) , we have compared simulated and measured PTE results between the new slanted quad Rx resonators and the single flat resonator design in [29] . The PTE of the proposed 4-coil inductive link is improved for every rotation angle, and the rate of PTE decline vs. angular misalignment has also slowed down. It should also be noted that the simulated and measured results are in very good agreement. In addition to the coil design for homogeneous coverage of the homecage volume, the CLPC dynamically adjusts the Tx power to ensure PDL > 40 mW under any lateral, height, and angular misalignments, below which level the BLE range drops below a minimum reliable data transmission distance of 65 cm. Fig. 12(b) presents the measured PDL and PA supply voltage as a function of rotation angular at H = 8 cm, comparing the performance of CLPC vs. open loop. Without CLPC, as the PDL drops under the 40 mW with rotation >35°or <145°, and we need to place the controller BLE antenna very close to the headstage to maintain connectivity with no interruption. With CLPC, however, the headstage receives stable power (>40 mW) within the full range of 0°-180°. In Fig. 12(c) we have compared the PDL and Tx power between the new slant coil and flat design in [29] as a function of 0°-180°Rx rotation. The CLPC is active in both cases and delivers sufficient power to the new headstage up to Fig. 13 shows the EnerCage-HC2 in vivo experimental setup. Our goal was to elicit a well-documented behavioral effect of deep brain stimulation (DBS) and observe the consistency of the outcome among three rats as a proof of system functionality in the field. Fig. 13(b) shows the EnerCage-HC2 controller implementation, including its custom-designed cape, which allows the user to control the EnerCage-HC2 system through Wi-Fi connection. Fig. 13(c) shows the GUI running on a PC, including a live video stream from a MS-Kinect, allowing remote control of the EnerCage-HC2 system and behavioral monitoring of the animal [38] .
C. In vivo Experiments
In vivo experiments were conducted with prior approval from the Institutional Animal Care and Use Committee (IACUC) at Emory University. We delivered a unilateral, charge-balanced, electrical stimulation to the GPi of three freely behaving rats. GPi is a major component of the basal ganglia, and is involved in the coordination of movement. Previous studies have reported that head turning behavior is a highly replicable behavioral effect induced by unilateral electrical stimulation of the GPi [39] - [42] . Hence, we expected to observe the same behavior using the EnerCage-HC2 system by stimulating the GPi wirelessly. Three 11-weeks old male Sprague Dawley rats, weighing 330-350 g, were implanted with a pair of monopolar stainless steel stimulating electrodes (MS303/1-AIU, Plastics One) targeting the right GPi (stereotaxic coordinates anteroposterior (AP) −0.8 mm; mediolateral (ML) +3.0 mm; dorsoventral (DV) −6.0 mm), one of which was an uninsulated stainless steel ground wire, wrapped around a skull screw. Impedance of the stimulation electrodes were 12.5 kΩ for rat 1, 7 kΩ for rat 2, and 6.5 kΩ for rat 3. The placement of the electrode tip in GPi was confirmed by subsequent histological processing of the subjects' brain tissue, as shown in Fig. 14 .
Each stimulation experiment was performed after two weeks of post-surgical recovery. Prior to the start of each experiment, the rats were handled for three days to acclimatize them to handling. At the start of the experiment, the rats were habituated to the homecage for 4 minutes, after which six 2-minute experiments were conducted. During the first minute of each experiment a sham stimulation was applied at minutes 1, 3, 5, 7, 9, and 11. Within the last 5 s of each experiment, the headstage delivered electrical stimulation to the test subject at the beginning of minutes 2, 4, 6, 8, 10, and 12. We also measured the animal head rotation during the first 10 s of each one-minute segment. Fig. 15(a) shows a current-controlled 5 s burst of stimulus pulses that delivers current of 225 μA and 75 μA in cathodic and anodic phases, respectively, at a rate of 40 Hz. To ensure charge balancing, stimulation current in the cathodic phase was 3x larger than the anodic phase, and the pulse width of in anodic phase (300 μs) was accordingly 3x longer than the cathodic phase (100 μs), as shown in Fig. 15(b) .
To evaluate the accuracy of stimulus pulses in terms of current amplitude, we overlapped the acquired samples from current sensing resistors in Fig. 3(b) during the 5 s stimulation period of trial 1. Fig. 15(b) shows the acquired samples from time-aligned stimulation pulses at four current levels over a 1.5 ms window. The mean error between the desired and measured stimulus amplitudes at each sampling point is smaller than 10%, which verifies the stability and accuracy of the stimulation current. Expectedly, minimum stimulation current of 75 μA in the cathodic phase, which generates the lowest current sense voltage detected by the MCU built-in ADC, results in the highest mean error of 10%.
Consistent with previous studies [39] - [42] , head turning behavior was clearly observed on all three rats during wireless stimulation periods. The head rotation angle (HRA) is defined as the angle between two straight lines, one connecting the base of rat tail to a point between ears to the tip of nose, as shown in Fig. 16 , comparing rat 3 head movements before, during, and after a 5 s episode of the actual and sham stimulations. Fig. 17(a) shows the changes in HRA over time, with respect to the baseline angle at each stimulation onset for each rat for 6 actual and 6 sham stimulations. In Fig. 17(b) , a significant effect of stimulation was observed by comparing the maximum rotation angle to sham stimulation using one-tail paired t-test with P = 0.04. The rotation angle of rat 1 during stimulation period was smaller than both rat 2 and rat 3, which could be attributed to the larger impendence value of the stimulation electrode implanted in rat 1, compared to rats 2 and 3. Fig. 18 shows the measured VDD and V PA during two trials on rat 3. The EnerCage-HC2 continuously delivers ∼43 mW to the headstage by maintaining VDD within a user-defined voltage range, which is made possible by dynamically adjusting V PA and consequently the PA output power as a result of transmitting VDD samples to the controller at a rate of 100 Hz via BLE. The magnified segments of Fig. 18 show VDD variations during stimulations, which lead to severe coil misalignments due to animal head rotation. The CLPC mechanism has succeeded in maintaining 5 V < VDD < 5.4 V, indicated by horizontal red lines, by automatically increasing V PA from 12 V up to ∼22 V to compensate for the disturbance. Following stimulations, when the subject's head position returns back to normal, V PA is automatically decreased to prevent excessive Tx power transmission. To compensate for the change in the location of the subject's head after stimulation, the V PA voltage has settled at a new level of 17 V.
V. CONCLUSION
A wireless research instrument for conducting behavioral research on small freely behaving animals has been presented, which is robust and fully compatible with dimensions of standard homecage used in animal research facilities. The EnerCage-HC2 system can not only wirelessly energize but also communicate with a variety of sensors, actuators, and other electronic devices that are attached to or implanted in the animal body, while creating an enriched environment close to their natural habitat. EnerCage-HC2 benefits from: 1) a novel geometrically-optimized array of Rx coils for harvesting EM power for the headstage at any arbitrary positions or orientations within the homecage, 2) an array of strategically positioned High-Q segmented Tx coils, made of copper foils, that can create a homogeneously EM powered space across the entire homecage, 3) a robust communicating network based on Wi-Fi, UART, and BLE links, realizing remote control and data acquisition from the headstage, and 4) a CLPC mechanism ensuring stable power delivery to the headstage at minimum necessary Tx power. We have verified functionality of the EnerCage-HC2 system in vivo for wireless DBS by targeting the right GPi in three freely behaving rats, eliciting a distinct, well-documented, and very consistent behavior, involving quantified head rotation, while recording the actual stimulus current level and measures of transmitted and received power.
